The present study is devoted to develop a new simulation code for the numerical investigation on coalescence characteristics in selforganized interconnection using anisotropic conductive adhesive (ACA) with low melting point alloy (LMPA) fillers. In particular, this article examines the coalescence mechanism during ACA process for different resin viscosity, particle volume fractions, and provides estimated results of conduction path growth fraction for different conditions. Starting from the motion equation of filler particles, moreover, a theoretical approach is presented to find out dominant factors affecting the formation of interconnection. The new simulation code is based on the finite volume method with the use of the continuum surface force (CSF) model and the cubic interpolated propagation (CIP) method. It is confirmed that conduction path formation depends on volume fraction, viscosity, and surface tension during the process. It is also found that the pressure-driven force effect becomes not dominant in the path formation at high resin viscosity and high filler density, the particle drift velocity becomes slow due to the increase in resin viscosity, conduction path growth fraction increases with the volume fraction, and the time for path formation is shorter with the increase of the volume fraction.
Introduction
The early twenty first century we entered the highly developed information society, the packaging technologies for higher density, higher performance, smaller size, lower cost, miniaturization, and finer pitch have been accelerated. 1) As the major joining material widely used up to now, solders play an important role in the assembly and interconnection of electronics packages because the performance and quality of solder are excellent.
2) However, the conventional lead-tin solder is considered as one of the materials which should be prohibited due to toxicity and environmental hazard of lead. Thus, eco-friendly alternative bonding material to lead-tin solder and the interconnection process are being actively studied.
3) Anisotropic conductive adhesives (ACAs) as environmentally alternative bonding material are composed of a polymer matrix and conductive filler. Figure 1 shows the schematics of typical ACA bonding process. The low volume fraction of fillers is insufficient for conduction path formation and prevents conductivity in the horizontal plane of the adhesive. Generally, ACA have been used for the joints in the peripheral area of liquid crystal display (LCD) panels or flexible printed circuit board (PCB). These adhesives provide several advantages, such as eco-friendliness, mild processing conditions, fewer processing step, and especially, the fine pitch capability due to the availability of small-sized conductive fillers. However, currently conventional ACAs have some limitations, such as low electrical conductivity, increase in contact resistance, silver migration, and difficulty in rework. 4, 5) A self-organized interconnection of ACAs with low melting point alloy (LMPA) has been developed 6, 7) to overcome these limitations. The motion of fillers occurs near the joint spaces due to the thermal effect and hydrodynamic resin flow. Then, LMPA fillers are melted and coalesced with adjacent fillers during reflow process. Finally, some of larger coalesced fillers make a conduction path and finally form the interconnection.
The main objective of this study is to investigate numerically the characteristics of coalescence during an ACA process for different resin viscosities, volume fractions of fillers (resulting in the area fraction for two-dimensional analysis). To simulate conduction path formation in selforganized interconnection of ACA, it is necessary to consider the two phase flow including molten fillers and resin. For two phase flows, time evolution of distinct interface between two different materials seems difficult to be described because of complexity of related phenomena. For years, the marker-andcell (MAC) method was introduced by Harlow and Welch. 8) Other methods with the use of front capturing technique, such as the volume of fluid (VOF) method 9) and the level set method 10) have been proposed. In spite to some advantage of VOF method, the VOF method may be inaccurate in the complex geometry and it is difficult to extend into three dimensional applications because of difficulty in finding interface. To overcome those limitation of the VOF method, the present study uses the cubic interpolated propagation (CIP) method 11) in developing a new code for efficient capturing complex interface on ACA, and for reduction in numerical errors for two phase flow calculation in which significant change in density and interface takes place.
Self-Organized Interconnection Process of ACA with LMPA
The schematic of self-organized interconnection process of ACA with LMPA is shown in Fig. 2 . The ACA mainly consists of a polymer binder, LMPA filler, and other minor organic additives. This process appears as follows:
(1) ACAs with LMPA is applied on the substrate and Chip is mounted on ACAs.
(2) Heat and pressure are applied. In this stage, the ACAs are liquefied and their viscosities decrease with the increase in temperature. When the curing temperature reaches the LMPA melting point, the LMPA is melted, flowed and coalesced. Finally, a metallurgical interconnection is accomplished between the molten LMPAs as well as between the molten LMPAs and the metallization pads of the chip and substrate. (3) The ACA is cured completely, and the self-organized interconnection process is completed. In previous work, 12) it has been known that the fluxing capability to remove oxides from both the LMPA and the metallization helps to promote the wetting and coalescence phenomena. The curing behavior of the resin material is one of the critical points to achieve the self-organized interconnection successfully. In other words, excessive curing progress of the resin materials hinders the flow and coalescence characteristics of LMPAs. Consequently, it should be maintained that resin material has a low viscous condition around the melting point of used LMPA at least. As a result, it is important to study the effect of volume fraction of fillers and resin viscosity on the self-organized interconnection of ACA with LMPA.
3. Theoretical Approach and Mathematical Representation 3.1 Theoretical approach to particle movement The understanding of the process of self-organized interconnection in ACA with LMPA filler is difficult. Without the physical understanding, it is difficult to know the detail of the coalescence characteristics with the result of the numerical analysis. Thus, such a theoretical study on the process of self-organized interconnection is needed. In general, the filler has the shape of particle. In addition, the resin is much smaller than filler. So the resin can be assumed to have the characteristics of a fluid. In the aerosol dynamics, the small particle suspended in the air or another fluid is described and analyzed. From that aerosol dynamics, 13 ) the equation of motion with resin and molten filler can be derived.
where, m is the mass of filler. is the velocity of filler andũ u is the velocity of the resin.F FðtÞ and f represent the external force exerted on the filler and the frictional coefficient, respectively.
where, d p is the diameter of filler and C is the slip correction factor. resin means the resin viscosity. From the motion equation, the drift velocity, d is defined under the steady state as follows: Here, the B is mobility 13) with the value of 1= f . For example, if the filler has the shape of the sphere, the magnitude of external force from the surface tension and the magnitude of drift velocity can be expressed as follows:
where filler and resin represent the surface tension coefficient of filler and resin, respectively, from the literature as seen in Table 1 . In the simulation, the surface tension effect between solid substrate and liquids (indicating fillers and resin) is considered with the use of contact angles obtained from the literature (See Table 1 ). The drift velocity has similar physical meaning with characteristic flow rate proposed by Koushi Ohta. 14) With the drift velocity of molten filler, coalescence characteristics can be discussed on the basis of two assumptions: first, the filler moves to the terminal due to wetting and non-wetting boundary characteristics. Second, the speed of moving fillers becomes proportional to the drift velocity. On the basis of assumptions, the fillers move toward terminals selectively and finally the conduction path can be formed at the terminals.
Development of simulation code
Assuming that temperature variation does not affect the characteristics of coalescence during the process, the present code solves mass, momentum, and energy conservation equations for molten fillers and resin.
where , , f , and c s represent the surface tension coefficient, the radius of curvature, a characteristic function, and the speed of sound, respectively. Equations (6)- (8) can be divided into the advection term and the non-advection term. For the former, the CIP method is used, whereas the latter can be described with the use of finite volume method in the non-staggered grid.
From eqs. (9)- (11) for advection terms, the predicted value of Ã , u Ã , and p Ã are obtained by the CIP method. On the other hand, the non-advection term can be described as:
By taking divergence of eq. (13) and substituting it into eq. (14), we obtain consequently the pressure equation as follows:
We solve the pressure equation, and then compute the velocity and the density at the next step (n þ 1). The present code identifies interfaces between fillers and resin by using the density function defined in eq. (16), and the time evolution of density function can be determined as follows:
The present study assumes that the surface with ' ¼ 0:5 can be regarded as the interface. 15) The random surface curvature A can be expressed as ¼ Àðr Á nÞ where n denotes the normal vector. The continuum surface force (CSF) model is utilized and the surface volumetric force can be determined from r f ¼ Ànðr Á nÞ.
16)

Computational details
The present study performs numerical simulation considering the change of volume fraction of fillers and resin viscosity. It is supposed that the wetting angles are of molten filler (pure tin) onto the wetting and non-wetting region are 35 17) and 150 , 18) respectively. Figure 3 shows the schematics and boundary conditions in computational domain for analysis. As a matter of fact, at the early stage of reflow process, the fillers experience phase change from solids to liquids. However, the present study assumed that initially this phase change of fillers are terminated spontaneously because the present study concentrates its attention to the characteristics of coalescence among particle fillers and conduction path formation.
It is noted that in the real process of ACA, upper plate moves downward slowly, and consequently pressure difference takes place in the horizontal direction, and it allows resin and fillers to move and migrate downstream. In order to mimic the phenomena without moving boundary condition, pressure boundary conditions are applied to both sides as seen in Fig. 3 with the use of resultant equivalent pressure difference between side boundaries. This approach is thought acceptable because a moving speed of upper plate is relatively small. The present study uses the analytic pressure distribution derived from the momentum equation for twodimensional fully-developed laminar flow as follows: 
where V 0 , H 0 , and L denote the moving speed of upper plate, the initial joint height, and the length of substrate, respectively. Using eq. (18) under the operating condition, the estimated pressure difference is about 10 Pa. We conduct preliminary tests under the pressure differences, 0 Pa, 10 Pa, and 50 Pa, respectively. From the results, it is found that the pressure difference effect becomes not dominant because of high density and high viscosity as seen in Fig. 4 . For twodimensional problem, the volume fraction can be regarded as the area fraction per unit depth, and therefore we take three different volume fractions, i.e., 46%, 53%, and 60% which are equivalent to the area fraction. To clarify the resin viscosity effect on self-organized interconnection, moreover, numerical simulations are carried out for different resin viscosities, i.e., 0.19 kg/mÁs, 0.38 kg/mÁs, and 0.57 kg/mÁs. Together with standard simulation condition, the physical properties of molten filler and resin are listed in Tables 1  and 2 , respectively.
Results and Discussion
The coalescence and wetting characteristics of fillers should be investigated in the achievement of metallurgical interconnections during reflow process. Figures 5, 6 , and 7 compare the effect of resin viscosity on coalescence and wetting characteristics for different volume fractions. In general, in the microscale world, the surface phenomena including capillary, wetting, and adhesion as characterized by the surface tension are absolutely important, because the surface force is much more dominant than inertial, gravitational, and viscous forces. As predicted, the fillers are mutually coalesced with adjacent fillers and wetted on the terminal because of surface tension. Finally, it can be observed that coalesced fillers wet on the terminal selectively because of different contact angles. Subsequently, some of larger particles experience coalescence, they make much larger particles, and finally the formation of conduction path is made. From the results, the volume fraction of 46% is observed to be not enough to form the conduction path, unlike other cases in which the conduction paths are formed successfully. In the case 60% volume fraction and 0.38 kg/mÁs viscosity, it is confirmed that some trapped resin can be found inside the conduction path. This is because during self-organized interconnection, the conduction path is formed rapidly before the escape of resin. In fact, the occurrence of resin trapping affects reliability of micro packaging because the decrease of contact area makes contact resistance unstable. It should be noted that resin trapping may be one of abnormal factors. Apart from the way using the finite volume method, as mentioned previously, it is worthwhile to find a theoretical way to investigate the characteristics of self-organized interconnection in ACA with LMPA filler. This helps us in understanding detailed physics behind coalescence mechanism and newly finding important design parameters. From the theoretical analysis, the drift particle velocity is newly introduced to examine the characteristics of conduction path formation affected by resin viscosity and volume fraction. The drift velocity is simply calculated by the ratio of the difference of surface tension coefficient to resin viscosity. The equivalent length, the drift velocity, and the conduction path formation time are determined as listed in Table 3 . From the results, it can be seen that as resin viscosity increases, the drift velocity decreases. It indicates that as resin viscosity decreases, molten fillers move toward terminals more easily, coalescence between them becomes vigorous, and consequently conduction path can be formed in shorter time. Based on the theoretical findings, we introduce three different parameters such as the conduction path growth fraction, the equivalent length, and the path formation time to efficiently discuss numerical results. At first, the conduction path growth fraction is the ratio of minimum width of conduction path to the width of terminal on substrate. The second variable is the equivalent length related to the volume fraction. For fixed diameter of fillers, the volume fraction is determined explicitly by the number density of fillers. If the number density changes, the distance between filler particles is changed for different volume fractions. With the use of an equivalent length between particles, the influence of volume fraction on coalescence is discussed in the present study. Finally, the path formation time as seen in Fig. 8 is simply defined as the time spent for complete formation of conduction path. Numerical Investigation on Self-Organized Interconnection Using Anisotropic Conductive Adhesive with Low Melting Point Alloy Filler Figure 8 depicts the estimated conduction path growth fraction with respect to time for different resin viscosities and volume fractions of fillers. First, let us discuss on the viscosity effect on conduction path growth fraction. At a 53% volume fraction, the path formation times are estimated 4.9 and 8.6 ms at different resin viscosities of 0.19 kg/mÁs and 0.38 kg/mÁs, respectively. As the resin viscosity increases twofold, the time for path formation decreases up to 50%. Moreover, at 60% volume fraction, similar tendency can be observed. For the case when resin viscosity is 0.38 kg/mÁs for 60% volume fraction, however, such abnormal fluctuation of conduction path growth fraction is found because of resin trapping in the connection zone. Figure 9 shows the influence of volume fraction on path formation time at different resin viscosities. As a matter of fact, the equivalent length decreases with the increase in volume fraction. The conduction path is formed faster for shorter equivalent length even at the same drift velocity, and as the resin viscosity decreases, the conduction path formation time decreases. It confirms that the path formation highly depends on volume fraction and drift velocity as noted previously.
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Conclusions
This article reports numerically coalescence and wetting characteristics in anisotropic conductive adhesive with low melting point alloy filler during reflow process. The theoretical approach is newly introduced to characterize moving particle behaviors during coalescence process, and the new simulation code is developed for the prediction of multiphase flows. The role of volume fraction, viscosity, and surface tension force on coalescence characteristics is discussed in detail. From the results, the following conclusions can be drawn:
(1) It is observed that conduction path formation is highly dependent on volume fraction and resin viscosity during the self-organized interconnection process. In particular, the present study suggests several important factors, i.e., path formation time, equivalent length, and drift velocity for elucidate underlying physics during the path formation with molten fillers. (2) The pressure-driven force becomes not dominant apparently in the case when resin viscosity and molten filler density are high, indicating that viscous and inertia forces are more dominant than pressure force in the formation of conduction path. (3) The drift velocity decreases with the increase in resin viscosity, leading to the decrease in conduction path growth rate. Finally, the conduction path growth fraction should be larger with the increase of volume fraction. The path formation time becomes shorter with the increase of the volume fraction.
